Aided by sensitive sequence profile searches we identify a novel conserved domain in the N-terminal regions of the SWI2/SNF2 proteins typified by HIP116 and Rad5p (hence HIP116,. We show that the HIRAN domain is found as a standalone protein in several bacteria and prophages, or fused to other catalytic domains, such as a nuclease of the restriction endonuclease fold and TDP1-like DNA phosphoesterases, in the eukaryotes. Based on a network of contextual connections in the form of domain architectures, conserved gene neighborhoods and functional interactions we predict that the HIRAN domain is likely to function as a DNA-binding domain that probably recognizes features associated with damaged DNA or stalled replication forks. It might thus act as a sensor to initiate a damaged DNA checkpoint and engage different DNA repair and chromatin remodeling or modifying activities to these sites. In evolutionary terms, the fusion of the HIRAN domain, and the functionally analogous RAD18 Zn-finger and the PARP-type Zn-finger to SWI2/SNF2 ATPases appears to have been a notable factor for recruiting these ATPases for chromatin modification and remodeling in the context of DNA repair.
INTRODUCTION
Chromatin modification or remodeling is an integral feature of most eukaryotic nuclear processes such as DNA replication, repair and recombination, transcription and regulation of cell-cycle transitions. 1 Several distinct protein complexes, possessing a great diversity of biochemical activities, mediate these dynamics of chromatin. [2] [3] [4] Most of these proteins central to eukaryotic chromatin dynamics are comprised of a relatively small set of about 40-50 conserved protein domains, which are central to their activities 5 (LA unpublished observations). Broadly, the domains found in chromatin proteins can be classified into three general functional categories: (1) Nucleic acid-binding domains such as the AT-hook, HMG box, BED finger and Bright; [6] [7] [8] [9] (2) Protein-protein interaction domains, including those that bind post-translationally modified peptides from histones, like the chromo, bromo and SANT domains; [10] [11] [12] (3) and enzymatic domains that posttranslationally modify components of chromatin such as the SET (protein methylase), GNAT (protein acetyltransferase), RING finger (E3-ubiquitin ligase) and JOR (protein demethylase, also known as JmjC) [13] [14] [15] [16] [17] or remodel in an ATP dependent fashion, such as the SWI2/SNF2 ATPases. 18 This constellation of domains functioning together in the context of chromatin dynamics is in large part unique to the eukaryotes.
However, in evolutionary terms, this system of proteins deployed in eukaryotic chromatin dynamics appears to have been tinkered together from very distinct sources. Catalytic modules, such as the SWI2/SNF2 ATPases, histone acetylases, deacetylases, and JORdomain demethylases and various DNA-binding components like the histones, Helix-turn-Helix and the Helix-extension-Helix domains are found in bacteria and archaea. 13, [18] [19] [20] [21] [22] Their phyletic distributions suggest that the eukaryotes inherited these modules either from their archaeal precursors, or the pro-mitochondrial bacterial endosymbiont, or sporadically from other bacteria and bacteriophages. Other modules, such as the SET methylase, chromo, bromo, HMG, PHD and AT-hook are eukaryote-specific innovations that have emerged either through rapid sequence divergence of preexisting folds or de novo invention in the eukaryotes. 7, 9, 10, 12, 15, 23, 24 Computational sequence analyses have been central to the characterization of most of these conserved domains, and have thereby assisted the quest for specific biochemical activities in chromosomal proteins. In particular, computational analysis has provided leads regarding the domains involved in recruiting catalytic modules such as the SWI2/SNF2 ATPases and histone modifying enzymes to specific chromosomal sites. Examples of these include the bromodomain that recruits various enzymes to acetylated histones, and the AT-hook that often targets minor grooves of AT-rich sequences. 9, 10 However, the full range of biochemical activities involved in the recruitment of major chromatin remodeling engines to sites of DNA damage, during repair and the key transitions in the cell cycle remain incompletely understood. We are interested in understanding the evolutionary diversification of the major chromatin remodeling complexes, especially in light of their recruitment to various DNA repair and cell-cycle related processes. 25 As part of a study on the evolution of proteins involved in chromosome dynamics we identified a novel β-strand rich domain in different chromatin remodeling and repair proteins that we predict to be involved in DNA binding. Using computational analysis we show that this domain along with some other DNA-binding domains potentially play a major role in recruiting repair and remodeling enzymes to specific sites on DNA, and might thereby have a role in certain cell cycle checkpoints arising from replication fork stalling and post-replication damage.
MATERIALS AND METHODS
The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda) was searched using the BLASTPGP program. 26 Iterative sequence profile searches were done using the PSI-BLAST program 27 either with a single sequence or an alignment used as the query, with a profile inclusion expectation (E) value threshold of 0.01, and were iterated until convergence. For all searches with compositionally biased proteins, the statistical correction for this bias was employed. 28 Conserved motifs were identified in multiple protein sequences using the Gibbs sampling method as implemented in the MACAW program. 29, 30 Multiple alignments were constructed using the T_Coffee 31 and PCMA programs, 32 followed by manual correction based on the PSI-BLAST results. Protein secondary structure was predicted using a multiple alignment as the input for the JPRED 33 and PHD 34 programs. Preliminary clustering of proteins was done using the BLASTCLUST program 35 with empirically determined length and score threshold cut-off values (For documentation see ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html). Previously known, conserved domains were identified using PSI-BLAST derived profiles for them, with the RPS-BLAST 28 program (http://www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi). Gene neighborhoods were obtained by isolating all conserved genes, in the neighborhood of the gene under consideration that showed a separation of less than 70 nucleotides between their termini. Genes fulfilling this criterion and occurring in the same direction were considered likely to form operons. Gene neighborhoods were determined by searching the NCBI PTT tables (http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi?db=Genome) with an in-house PERL script. Phylogenetic analysis was done using the neighbor joining or least squares method with subsequent local rearrangements using the maximum-likelihood algorithm to determine the most likely tree. The robustness of tree topology was assessed with 10000 Resampling of Estimated Log Likelihoods (RELL) 36, 37 bootstrap replicates. The MOLPHY and Phylip software packages were used for the phylogenetic analyses. 36, 38 
RESULTS AND DISCUSSION
Identification and characterization of the HIRAN domain. In course of our systematic analysis of conserved domains found in chromatin proteins, we noticed a previously undetected globular domain upstream of the SWI2/SNF2 ATPase module (belonging to the superfamily II group of helicase modules) in the vertebrate RUSH-1/HIP116/SMARCA3 proteins (henceforth HIP116-like ATPase). Experimental studies have shown that the region encompassing this predicted globular domain is required to bind the DNA at various regulatory elements such as the HIV-1, uteroglobin, TNF-responsive PAI-1 promoters and the SV40 enhancer. [39] [40] [41] 42, 43 This region of the Hip116 protein and its orthologs from different vertebrates does not show significant similarity to any previously characterized DNA binding domain. Hence, to investigate its evolutionary affinities and origins we seeded iterative PSI-BLAST searches with this region from the HIP116 protein (gi: 21071054, region: . The searches retrieved a number of eukaryotic multi-domain proteins in addition to the HIP116-like ATPases, such as the Arabidopsis KIAA1018-like proteins, containing a recently reported nuclease domain of the restriction-enzyme fold and a Rad18-like Zn-finger (iteration 2, expect (E)-value 1 x 10 -6 ) 44, 45 and plant topoisomerase tyrosine-DNA phosphodiesterases (TDP1) 46 (At5g07400, iteration 4 E: 6 x 10 -3 ). In both these cases, it mapped to N-terminal regions distinct from the other globular domains in the proteins. Further, we also recovered several uncharacterized proteins from a wide range of bacteria ( Fig. 1 ) over the subsequent iterations (e = 10 -7 -10 -23 ) prior to convergence. The sequence homologous to the HIP116 N-terminal region covered the entire length of these bacterial proteins suggesting that they represent standalone versions of the region. Accordingly, we initiated transitive PSI-BLAST searches with the bacterial proteins and retrieved not only the above-stated proteins, but also the N-terminal regions of the RAD5-type SWI2/SNF2 ATPases from fungi and plants, and another distinct group of fungal SWI2/SNF2 ATPases (typified by Ustilago UM00571.1) related to RAD5p. A search for motifs in the region homologous to the N-terminal globular domain of HIP116, from all the proteins retrieved in the above searches, using the Gibbs-sampling algorithm recovered three statistically significant motifs of sizes 9, 11 and 12 amino acids (p ≤ 10 -10 ). These observations suggested that this region of similarity is likely to define a novel DNA-binding domain that is found both independently and in fusions with various catalytic domains. We accordingly refer to it as the HIP116/RAD5 N-terminal (HIRAN).
We prepared a multiple alignment of the HIRAN domain ( Fig. 1 ), and used JPRED, which combines information from amino acid frequencies, a PSSM and a HMM derived from the alignment, to predict its secondary structure. It was found to possess a β-strandrich fold with 7-8 conserved β-strands and a single helix ( Fig. 1) , suggesting that it could potentially adopt a β-sandwich-like structure. While no significant similarity to any other known structure was detected the pattern of conservation and the predicted secondary structure of the HIRAN domain is reminiscent of cytochrome F and immunoglobulin folds (see SCOP database, http://scop.mrclmb.cam.ac.uk/scop/). In this context it may be noted that the both the cytochrome F and the immunoglobulin folds contain DNAbinding domains. The former represented by domains such as STAT, p53, NFκB-N and T-box, and the latter by the TIG domain. [47] [48] [49] [50] [51] [52] The most striking feature of the sequence conservation pattern is a motif between strands-4 and 5 that contains 3 conserved polar residues (a D/E, an N and a D), which is seen in all members, except in the RAD5-and the UM00571.1 type proteins ( Fig. 1) , and might chelate a metal ion. Another polar residue (usually acidic), conserved in most representatives, is present C-terminal to the only predicted helix in the domain (Fig. 1) . These conserved polar residues are potentially critical for the DNA interaction of the HIRAN domain. In addition, there are several hydrophobic residues conserved in most of the predicted strands, and several small residues, including an absolutely conserved glycine in strand-6, that usually mark the transitions between secondary structure elements (Fig. 1) .
The HIRAN domain is found in a variety of proteins from the animals, plants and fungi, which belong to the eukaryotic crown group (Fig. 2) . Additionally it is found in a wide range of bacteria that include Low-GC Gram positive bacteria, Bacteroides, actinobacteria and proteobacteria. Genes encoding the solo HIRAN domain proteins are found in prophages (or genomic remnants thereof ) from Pseudomonas, Salmonella, Corynebacterium, Staphylococcus and Streptococcus, suggesting that phages might have played a role in the dissemination of the HIRAN domain across the bacterial species. Phylogenetic analysis also suggested that the eukaryotic versions of the HIRAN domain are nested within the radiation of bacterial solo versions (Fig. 2) . This, taken together with the phyletic distribution suggests that the HIRAN domain was acquired early in the evolution of the crown group eukaryotes from a bacterial or phage source.
Within the eukaryotes they appear to have expanded and combined with a variety of other globular domains resulting in several novel multi-domain architectures.
Domain architectures of the HIRAN domain proteins. The most widespread domain architecture involving the HIRAN domain in eukaryotes is the linkage to the N-terminus of the SWI2/SNF2 ATPases (Fig. 2) typified by HIP116, RAD5p and a fungal-specific group of SWI2/SNF2 proteins (e.g., UM00571.1 of Ustilago maydis). These ATPases along with RAD16p-and Ris1p-type proteins, which lack the HIRAN domain, comprise a subfamily of the SWI2/ SNF2 ATPases characterized by the presence of a RING finger inserted into the C-terminal domain of the SWI2/SNF2 module. 18 Orthologs of HIP116 are found in plants, vertebrates, echinoderms, and fungi, whereas those of Rad5p are present in fungi and plants (Fig. 2) . This suggests that not only had the HIRAN domain associated with a RING-finger-containing SWI2/SNF2 ATPase prior to the diversification of the crown group eukaryotes, but this fusion had duplicated to give rise to two versions namely the Rad5p-like and HIP116-like orthologous groups. In the subsequent evolution of the eukaryotes either or both of these versions appear to have been lost in multiple lineages. In plants the HIRAN domain is also found fused to one of the two paralogs of the TDP1 phosphoesterase (Fig. 2) . The TDP1 phosphoesterase hydrolyzes 3'-phosphotyrosyl bonds between DNA and the active tyrosine of topoisomerase Ib to release 3'-phosphate DNA from the covalently linked topoisomerase adduct. 46 The TDP1 has also been implicated in the removal of 3' phosphoglycolate conjugates and phosphoamide linkages that are formed during free radical mediated DNA cleavage. 53 These reactions are catalyzed by phosphoesterase domain of TDP1, which contains a duplicated phospholipase D-like HKD motif. 54 While both the plant orthologs of TDP1 contain phosphoserine-binding FHA domains 55 N-terminal to the TDP1 phosphoesterase domain (Fig. 2) only one of them (e.g., At5g07400 Arabidopsis) additional contains a HIRAN domain sandwiched between the FHA and the phosphoesterase module (Fig. 2) .
The other notable fusion of the HIRAN domain, also seen in plants, is in the plant KIAA1018-like proteins, where it occurs in a multidomain protein (Fig. 2) along with a N-terminal RAD18 Zinc finger 45 and C-terminal tetratricopeptide repeats (TPRs) followed by a recently noted nuclease of the restriction enzyme fold 44 (Pfam DUF994). The vertebrate orthologs of the plant KIAA1018-like proteins protein lack the HIRAN, domain but contain the other domains found in the plant proteins, suggesting that the former domain was inserted specifically in the plant version. Hints regarding the role of the C-terminal predicted nuclease domain of the KIAA1018-like proteins are offered by their several close homologs seen in a wide range of bacteria, bacteriophages and integrated prophages. Most of these bacterial and phage homologs of the nuclease domain occur in characteristic conserved gene neighborhoods that include genes for a variety of proteins related to DNA metabolism. Accordingly, we henceforth refer to this domain as the Virus-type Replication-Repair Nuclease (VRR-Nuc) (Supplementary Material). For example versions of the VRR-Nucs, typified respectively by the protein PmgM of phage P1, T1p20 of phage T1, and bacterial orthologs of the KIAA1018-like proteins, are associated in predicted operons with various types of superfamily II (SF-II) helicase domains ( Fig. 3 and Supplementary Material) . In the case of the T1p20-like VRR-Nucs, most members are found adjacent to or in close proximity of a gene coding for a SWI2/SNF2 family protein ( Fig. 3 and Supplementary Material). The bacterial KIAA1018 proteins are immediate neighbors of a RAD3p-like SF-II DNA helicase, and the PmgM subfamily members are associated with genes that code a distinctive family of SF-II proteins which contain a zinc ribbon domain C-terminal to the helicase module ( Fig. 3 and Supplementary Material). Additionally, the phage operons encoding VRR-Nucs also encode DnaB and RecA ATPases, nucleases of HNH/Endo VII and the 3'-5' exonuclease superfamilies, homologs of DNAG-type and archaeo-eukaryotic replicative primases, DNA helicases of the viral D5 family, the SFI-ORF124-type proteins related to Rad52 (a single strand annealing protein), 56, 57 PCNA/DnaN-like DNA clamps and DNA polymerases belonging to both family A and family B (Fig. 3 and Supplementary Material). A few other representatives of the VRRNuc family, such as the BCE1019 and HP1472 are found in typical Restriction-Modification-type predicted operons with genes for methyltransferases, McrB type GTPases and TRD domain proteins 58 (Supplementary Material). These observations suggest that the VRRNucs found in the eukaryotic KIAA1018, including those containing the HIRAN domains, are likely to be DNases involved in repair.
Gleaning functional features of the HIRAN domain and associated domains from the contextual information graph. The contextual information graph of a given protein domain is a network that integrates the information from fusions of that domain to other domains in multi-domain proteins, the physical and functional associations with other proteins, and gene neighborhood information from prokaryotic genomes. Such contextual information graphs have been used effectively in previous studies to apprehend the functions of uncharacterized protein domains, based on the principle of "guilt by association". 56, 59, 60 Though studies on the HIP116 protein in vertebrates suggest that the HIRAN domain is a DNA-binding domain, and its presence in the RAD5 protein implicates it in post-replication DNA repair, its exact role was not clear. To get a better picture of its function we constructed its contextual information network and examined its potential functional associations. Importantly, the HIRAN domain is found deeply embedded in a network in which all characterized fused domains, gene neighborhood associations and functional associations unequivocally point to a role in DNA repair (Fig. 3) .
Furthermore, it is seen that all the domain architectures of the HIRAN domain show a particular "syntax"-it is fused to other enzymatic domains which catalyze reactions on DNA (TDP1 phosphoesterase and VRR-Nuc), or chromatin remodeling (DNAdependent SWI2/SNF2 ATPases), or chromatin protein modification (RING finger E3 ubiquitin ligase) (Figs. 2 and 3) . Two other previously characterized domains found in the contextual information network of the HIRAN domain show a very similar syntax in their domain fusions. The first of these is the PARP-type Zn finger, 61 which like the HIRAN domain is typically found fused to various catalytic domains related to DNA metabolism in proteins such as, DNA ligase III (DNA ligase domain) and nick-sensing DNA 3'-phosphoesterase (polynucleotide kinase/phosphatase) and chromatin protein modifying enzymes such as polyADP ribosyltransferase (Fig. 3) . [62] [63] [64] The PARP-type Zn-finger also occupies an N-terminal position, equivalent to the HIRAN domain of HIP116 and RAD5p, in the apicomplexan and kinetoplastid orthologs of the RAD16p protein. Like HIP116/ RAD5p the RAD16p-type proteins also contains a RING finger inserted in the SWI2/SNF2 ATPase (Fig. 3) . The PARP-type Zn finger specifically recognizes nicks in double-stranded DNA and recruits these catalytic activities to those sites to initiate DNA repair. 61, 63 The other domain showing syntactically similar associations as the HIRAN domain with catalytic domains involved in repair and chromatin protein modification is the Rad18 Zn-Finger. 45 These include proteins such as Rad18 and LOC424580 (Fused to the RING finger), DNA polymerase Kappa (DNA polymerase module of the Y family), SNM1p (Metallo-beta-lactamase fold nuclease domain), Werner's syndrome helicase interacting protein (RFC-like AAA+ ATPase), the Rad16p SWI2/SNF2 ATPase from plants and protists, and LOC83932, a novel metalloprotease of the SPRT family 45 (Fig. 3) . This Zn finger potentially recognizes single-stranded DNA or mismatched strands associated with regions of DNA damage and stalled replication forks and recruits the above catalytic activities to those sites. 65 This domainarchitectural analogy suggests that the HIRAN domain, like the PARP-type Zn-finger and the RAD18 Zn-finger, binds to regions of DNA showing specific structural features. The fusion of the HIRAN domain with the adduct removing TDP1 phosphoesterase module and its binding to several animal enhancer/promoter elements suggest that it might specifically recognize either ssDNA stretches or DNA damage sites with large adducts.
The contextual network also provides some hints regarding the actual cellular pathways in which the HIRAN domain proteins might participate. The noncatalytic FHA domain, which is fused to the HIRAN domain, recognizes phosphopeptides, especially those arising due to hyperphosphorylation carried out by the Mec1 and Tel1 cell-cycle checkpoint kinases in response to DNA damage. 55, 66 This suggests that the recruitment of the plant TDP1 phosphoesterases might occur in course of a damaged DNA induced checkpoint. Furthermore, both Rad5p and Rad18p which ubiquitinate chromatin proteins utilize a common E2 ligase with the Mms2p protein, and function in post-replication DNA damage repair. 67, 68 In the context, it should be noted that RAD5p associates with the alpha-helical TOF1p (Timeless ortholog), Csm3p, RAD50p, Ctf8p and Ctf4p proteins in Saccharomyces cerevisiae (Yeast GRID database). 69 All these proteins have been shown to be associated with stalled replication complexes and are required for the consequent cell cycle check point. This is consistent with the proposal of HIRAN and RAD18 Zn finger domains acting as DNA damage sensors. However, the association of Hip116 protein with various transcriptional regulatory elements might also indicate that it recognizes ssDNA or other unusual DNA structures associated with regions of active chromatin. Potential involvement of the HIRAN domain in other aspects of DNA repair is suggested by its association with the VRR-Nuc domain in the plant KIAA1018-like proteins. Given that the bacterial and bacteriophage orthologs of these proteins show a strong gene neighborhood association with the RAD3p/XP-D-like DNA helicases (Fig. 3, supplementary material) , it is possible that the eukaryotic counterparts also display a similar functional association. If such a functional association did occur in the eukaryotes, then it would mean that the HIRAN domain might recruit these predicted nucleases to specific sites in nucleotide excision repair. 70, 71 More generally, these fusions of DNA-binding HIRAN, RAD18 Zn finger and PARP-type Zn fingers to the RING finger-containing SWI2/SNF2 ATPases, distinguish them from other SWI2/SNF2 ATPases, such as Swi2p, CHD1 and ATRX1, which instead show fusions to specific peptide recognition domains like the bromo, chromo and PHD finger. 4, 18 Thus, even before the radiation of the eukaryotic crown group the SWI2/SNF2 ATPases appear to have diversified through fusions to domains, which either recruited them to chromatin proteins, such as acetylated and methylated histones, or to damaged DNA. In this way chromatin remodeling activities responding to distinct sets of nuclear stimuli appear to have emerged in the eukaryotes.
General implications for evolution of DNA repair in eukaryotes and conclusions. Many of the core DNA repair and recombination systems of the eukaryotes appear to have had an ancient origin in the last universal common ancestor or are shared with the archaea. 72 A few other eukaryotic repair components, like the BRCT domain, 73 have a bacterial origin, but appear to have been transferred very early in their evolution, probably from the mitochondrial endosymbiont. 72 However, in the recent years it is becoming increasingly clear that the eukaryotes have acquired several key components of the DNA repair system from other bacteria and bacteriophages; for example, the single strand annealing RAD52 protein and the Mus308 DNA polymerase domains. 57, 74 The identification of the HIRAN domain in this study adds yet another example to this category of DNA repair components. A more careful examination of the contextual information network of the HIRAN domain suggests that there are other components of potential phage or bacterial origin. The VRR-Nuc as described above shows greatest diversity and prevalence in the bacteriophage and prophage genomes, where they may be central to replication and recombination of the phage chromosomes. Hence, the crown group eukaryotes are likely to have acquired their VRR-Nuc protein from the above sources. Furthermore, the structurally simplest versions of the SWI2/SNF2 ATPases, which lack the inserts and multi-domain architectures of the eukaryotic forms, are also encoded by several of these phages. This implies that the phage versions are likely to be primitive forms, which were acquired by the eukaryotes early in their evolution. Phage and bacterial SWI2/SNF2 ATPases also often show fusions to a nuclease domain most closely related to the HKD motif containing phosphoesterase domains of TDP1 (LMI, LA unpublished observation, Fig. 3 ). Given that any close relatives of TDP1 are absent in the archaea, it is possible that the eukaryotes also acquired the TDP1-like phosphoesterases from such a bacterial or phage sources. These observations indicate that as the eukaryotes increased in organizational complexity, they drafted several DNA repair components, which were utilized in safeguarding their increasingly larger genomes and checking the progressions of their cell cycle in face of DNA damage.
In conclusion, the identification of the HIRAN domain presented here provides a lead to understand the means by which different enzymes may localize to regions of DNA damage and active chromatin to initiate repair and chromatin remodeling. We hope this work would set the stage for new investigations on recognition of DNA by repair enzymes.
